With the belief that current terminology for experimental models of renal hypertension is both inadequate and confusing, we propose the following equivalent classification: (1) one-clip Goldblatt hypertension for two-kidney Goldblatt hypertension, (2) one-clip nephrectomy hypertension for one-kidney Goldblatt hypertension, (3) two-clip Goldblatt hypertension for bilateral constriction of renal arteries, (4) Page hypertension for cellophane perinephritis, and (5) Grollman hypertension for figure-ofeight hypertension.
NEI CHING, 1 in his treatise, The Yellow Emperor's Classic of Internal Medicine, said "the heart is in accord with the pulse ... the heart rules over the kidneys ... and the blood that is stored by the heart fills the pulse with the forces of life...." With these words, 4000 years ago Nei Ching expressed his belief in the importance of the propelling force generated by the cardiac muscle in serving the metabolic requirements of the peripheral tissues. That he envisioned a major role for the heart in controlling the kidneys could be construed today as prophetic. Many investigators are now preoccupied with the possibility that the heart has an important role in the pathogenesis of arterial hypertension. This idea gained momentum with Freis's 2 provocative review in 1960 on the hemodynamics of hypertension, 141 years after Richard Bright's 3 lucid deduction linking structural alterations of the myocardium to diseases of the kidney.
This review is directed to the analysis of hemodynamic factors in experimental hypertensive disease. Studies in both man and animals have shown that arterial hypertension of various origins and duration is accompanied by various hemodynamic abnormalities; their characteristics are: (1) increased peripheral resistance with normal to low cardiac output; (2) increased cardiac output with "normal" peripheral resistance; and (3) a transitional pattern of an early rise in cardiac output with a latter progressive increase in peripheral resistance.
It seems clear that most overviews of the field come to much the same conclusion. In some patients with borderline and early essential hypertension, cardiac output is raised something of the order of 15%, but it has not been shown that such an increase will necessarily result in chronic hypertension. Cardiac output in animals has been elevated through a variety of methods, but none has succeeded in producing chronic hypertension resulting from augmented blood flow alone. Experimental animal models show that there is a variety of disparate ways to produce hypertension; therefore, there is no reason to believe that, from the point of view of mechanism, essential hypertension is not in itself heterogeneous in nature.
What seems to be necessary to us is not more casual studies of cardiovascular hemodynamics but much more penetrating studies of the methods, normal variability, the degree and length of change able to elicit lasting hypertension-all to be fitted into the many other facets of circulatory regulation which in their totality result in chronic hypertension.
, Early during the writing of this review, it became apparent to us that problems with methods account for part of the vast and conflicting literature concerned with the hemodynamics of hypertension. First, methods for measuring cardiac output over the years have varied widely, yet comparisons are made as though uniformly reliable techniques were used. Second, the limits of variability in both methods and variables recorded are seldom stated; double blind studies seem to have been deliberately avoided. Third, the effects of circadian rhythm and of aging have received insufficient attention. Fourth, use of normal controls is often limited to the point that comparisons are not valid. Fifth, little attention is given to the quantitative significance of changes in cardiac hemodynamics.
Further, the controversial nature of the subject appears to have forced investigators to take a stand as to the participation of either one or another mechanism without considering that judgment needs to be held in reserve until more definitive studies are available. Instead of accepting what may be quite probable, that a cardiac facet of the hemodynamics of hypertension is present to a greater or lesser degree, the question is posed as an all or none solution.
It may therefore be prudent that research in this 822 CIRCULATION RESEARCH VOL. 43, No. 6, DECEMBER 1978 field be judiciously reevaluated with more attention paid to experimental designs. Key points deserving further attention are summarized below. 1. What are the normal limits within which cardiac output is regulated before it constitutes abnormality? There is need to obtain data on the normal long-term fluctuations of cardiac output in conscious unrestrained animals, since we believe that more than a few measurements are needed to determine with certainty "average" resting values. For example, by measuring repeatedly the arterial pressure and cardiac output in awake, normal trained dogs, we observed that while mean arterial pressure is kept relatively constant (frequency distribution curve is bell shaped and there is no more than ±14% dispersion from the mean), the same is not true for its hemodynamic correlates (Fig. 1 ). The frequency distribution curves of both heart rate and cardiac output from any one animal or the group as a whole were significantly broader in shape and even skewed to the left; the greater dispersion of values for both heart rate and cardiac output illustrates their intrinsic variability in resting conscious dogs. These spontaneous daily fluctuations (±31% deviation for cardiac output) were, however, well within the levels described as being "abnormal" during the developmental phase of arterial hypertension.
2. Another point requiring more investigation is concerned with the techniques used to determine cardiac output. For example, there is some question about the ability of ultrasonic flowmeters to detect the blood flow in the root of the aorta accurately since turbulence affects readings. 4 This instrument was chosen by Fletcher et al. 5 to monitor the cardiac output response during the development of Page hypertension in rabbits. Dye dilution, as employed by Bianchi et al., 6 ' 7 Bravo et al., 8 and Cowley et al., 9 is far less complicated yet has the disadvantage of providing a limited number of determinations. Because of its intrinsic variability, this method may not be sensitive enough to detect small changes in cardiac output (5-20%) with accuracy. 10 ' u Last, the electromagnetic flowmeter, albeit a more reliable instrument, is still difficult to employ in many laboratories, and the useful life of transducers is relatively short after being implanted. Thus at least three different techniques, each having some disadvantage, have been used to characterize the role of cardiac output in experimental hypertension. In most of these studies little attention has been paid to their possible shortcomings or limitations. In another recent study 9 cardiac output was measured with two different techniques and the results were pooled together. The electromagnetic flowmeter was used initially; when signals could not be obtained from the device, the dye-dilution method was employed to follow the changes in blood flow.
Synopsis of Currently Accepted Views on the Role Played by Hemodynamic Factors in the Pathogenesis of Arterial Hypertension
By virtue of the mechanical properties of the heart and blood vessels, arterial blood pressure is determined by changes in both blood flow (i.e., cardiac output) and vascular resistance. Thus, the nub of the problem was to measure these two variables in hypertensive man and animals to characterize the hemodynamic cause of the increase in arterial blood pressure. Initial attempts to correlate increases in blood pressure with a primary change in cardiac output, rather than vascular resistance, were inconclusive. The reader is directed to the monograph written by Grollman 12 in 1934 and the work of Pickering 13 and Oppenheimer and Prinzmetal 14 to obtain a historical and, at times, controversial insight into the difficulties encountered in separating hypertensive disorders according to hemodynamic disturbances. More conclusive data were obtained by Holman and Page 15 who were the first to measure cardiac output by the Fick method in awake chronic renal hypertensive dogs and show that it remained unchanged.
Commencing with the middle of this century, work by other investigators 16 " 25 suggested a different alternative. In approximately one-third of patients with early or mild hypertension, peripheral resistance was shown not to contribute directly to the rise in blood pressure. Because cardiac output appeared to be elevated above normal, the suggestion was made that it represented the initial stage of hypertension. If hypertension did not begin with an increase in peripheral resistance, did the rise in cardiac output reflect a primary disturbance of fluid volume? This question, first posed many years ago, is still a subject of controversy. 26 ' 2? Frohlich et al., 22 ' 23 ' 28 Julius et al., 29 ' 30 Sannerstedt, 31 and Birkenhager et al. 32 extended the early studies and showed that various kinds of hypertension are accompanied by different hemodynamic features which are only in part correlated with the duration and severity of the disease. Increases in peripheral resistance are chiefly the cause of the elevated blood pressure in chronic essential hypertension and renal parenchymal disease (see reference 28 for review). Small increases in cardiac output are associated with the beginning of the blood pressure elevation in renovascular and labile hypertension, whereas moderate rises in both cardiac output and peripheral resistance accompany some variant forms of primary aldosteronism. 33 These clinical observations raised several questions: (1) What are the sequences of hemodynamic change leading to chronic hypertension? (2) Is a rise in cardiac output an important step in the progression of hypertension to a stage of chronic increased peripheral resistance? (3) If so, what is the mechanism?
There is some evidence of blood volume expansion (range: 10-30%) in the acute phase of experimental renal hypertension at a time when plasma renin activity is increased several-fold. 6 ' 34 " 37 The volemic expansion is believed to initiate a rise in both cardiac output and arterial pressure followed only later by a secondary increase in peripheral resistance. The increased cardiac output becomes a stimulus for this secondary rise in peripheral resistance because the body reacts to the increased blood flow as though perfusion was excessive. Borst and Borst-de-Geus 38 and Ledingham and Cohen 39 first postulated this theoretical sequence of events; Guyton et al. 40 " 42 later amplified the concept by application of computer techniques and study of the phenomenon of "whole-body autoregulation" in animals following acute destruction of the nervous system. 43 The hypothesis depends on a number of physiological steps that ought to occur sequentially during development of arterial hypertension. As reviewed below, the data derived from many experiments seem to be too diffuse to be forced into one hypothesis.
Critique of Experimental Methods and Hemodynamic Results

Background
To understand the reason for the various hemodynamic patterns that appear to participate in the evolution of hypertension, many recognized the need to study these various mechanisms not only in the established stage, but also during their development and, if possible, during their reversal as well. 44 Because this is not permissible in human beings, investigators resorted to hemodynamic studies in experimental models of hypertension. The methods involved five induced variants of renal hypertension: one-clip, 7 ' 44 " 48 one-clip nephrectomy, 615 ' 34 " 37 ' 39 ' 49 -55 two-clip Goldblatt hypertension, 56 " 58 Page hypertension, 5 ' 51 Grollman hypertension, 59 (see footnote*) and a variant of renoprival hypertension 60 in which gross amounts of salt are infused into dogs in which there is a 75% reduction of renal mass.
The introduction of an implantable electromagnetic flowmeter by Kolin and Kado 61 permitted rough serial measurements to be made in the same animals without anesthesia. It was shown by Olmsted and Page 62 that, for example, an increase of 35 mm Hg in mean arterial pressure 4 days after one-clip nephrectomy hypertension in unanesthetized dogs was due chiefly to an increase in peripheral resistance with cardiac output falling as bradycardia occurred in the absence of a compensatory change in stroke volume. Following the period of onset of hypertension, arterial pressure and peripheral resistance gradually increased to a hypertensive plateau sustained for the duration of the study. Shortly after onset of hypertension, cardiac output and heart rate returned nearly to control values.
These findings were later disputed by Ledingham et al., 63 ' 64 who measured cardiac output with an improved miniature flowmeter in conscious rats for 10 days before and after onset of renal hypertension. Their first report on hypertensive rats 63 was not conclusive because of technical difficulties. Although cardiac output values could be obtained in the conscious rat, measurements of blood pressure (tail plethysmography) at a different time required that the animals be anesthetized with ether. This experimental flaw was corrected in later experiments. 64 A catheter chronically implanted into a carotid artery allowed cardiac output and peripheral resistance to be determined simultaneously. Immediately, and for up to 5 days after partial constriction of a sole remaining renal artery, development of hypertension was associated with a drop in cardiac output, bradycardia, and an increase in peripheral resistance. Since no numbers were given, we calculated from the graph that during the transition to a chronic phase (6 to 25 days after partial constriction of a renal artery) further elevations of blood pressure were associated with a 40% increase in peripheral resistance and a mere 11% rise in 824 CIRCULATION RESEARCH VOL. 43, No. 6, DECEMBER 1978 cardiac output. In a control group of sham-normotensive controls, cardiac output appeared to fall. It is obvious that the information obtained was not sufficient to establish firmly a participatory role of cardiac output in the development of this form of renal hypertension; in fact, the very moderate increases in cardiac output recorded by Ledingham and Pelling 64 led them to conclude: "raised blood pressure at all stages was mainly attributable to the increase in peripheral resistance, and the increase in cardiac output after the sixth day plays a relatively minor part." These results, however, continue to be widely cited as giving direct and conclusive evidence for major cardiac output participation in renal hypertension.
Three other laboratories, working independently and not always using similar techniques, extended the studies initiated by Ledingham's group. Guyton et al. 40 " 42 studied salt-loading combined with severe reduction of renal mass. The model, albeit not a close replica of clinical renovascular hypertension, permitted them to formulate more precisely the theoretical basis of the autoregulatory concept. Bianchi et al., 6 ' 7 Ferrario et al., 35 ' "• 53 ' 56 ' 57 and Maxwell et al. 45 used, instead, models of hypertension more closely resembling clinical renovascular hypertension, documenting from weeks to months the hemodynamic events that constitute the evolution of renal hypertension in dogs. The findings are described below.
Hemodynamic Characteristics of Renal Hypertension in Conscious Dogs
Measurements of cardiac output with "cardiogreen" were made by Bianchi et al. 6 in dogs standing restrained during measurements before and for up to 12 days after production of one-clip nephrectomy hypertension. During the hours that followed acute renal artery constriction, the immediate rise in arterial pressure was due to increased peripheral resistance, while cardiac output fell below normal values. These early hemodynamic changes did not persist beyond 48 hours. By about the 3rd day after clipping the renal artery, both plasma and extracellular fluid (ECF) volumes became progressively larger (by about 22% and 20%, respectively) with cardiac output rising by as much as 30% on the 7th day. Although technical difficulties prevented them from carrying these observations any further, the results were considered consistent with the idea of an early participation of the heart in the genesis of hypertension.
Ferrario et al. 51 investigated the role of increased cardiac output in the development of hypertension using initially the Page model of renal hypertension. Working with dogs provided with implanted electromagnetic flowmeters and a catheter placed in a femoral artery, they showed an initial 10% increase in cardiac output preceding by about 7 days any rise in arterial pressure. Removal of the normal untouched kidney 2 weeks after cellophane wrap-ping increased the hypertension. With nephrectomy, elevation in blood pressure was associated with further rise in cardiac output to about a maximum of 19% above control values after 14-21 days. Rises in peripheral resistance lagged behind the increases in both arterial pressure and cardiac output. Vasoconstriction became more pronounced by about 4 weeks after nephrectomy with cardiac output declining toward control values.
Ferrario further reexamined the hemodynamic features of hypertension due to renal artery constriction and contralateral nephrectomy. 35 In these experiments, at least 30 days before any measurements were made, one kidney was removed and a clamp was implanted around the remaining renal artery for later adjustment from outside the body.
In previous experiments, 65 it had been established that a period of no more than 20 days was required for a sole remaining kidney to reach a stable degree of compensatory hypertrophy. As in hypertension due to cellophane wrapping of one kidney, the initial 7-day rise in arterial pressure was associated with an average 27% increase in cardiac output above normal, while peripheral resistance rose only about 3%. These initial changes were associated with mild hypervolemia (range: 12-25% above control values) lasting for no more than 12 days. On the other hand, elevated cardiac output (range: 18-29%) persisted for about 5 weeks even though the blood volume had returned to normal many days before. By the 3rd week after onset of hypertension, increased peripheral resistance became the predominant cause of the elevated arterial pressure, with cardiac output tending to return toward control values. There are no detailed long-term studies on cardiac output in the one-clip form of hypertension; the study of Bianchi et al. 7 was inconclusive because blood pressure rose by a mere 10 mm Hg. The recent data of Maxwell et al. 45 indicate that, in the conscious dog, onset of one-clip hypertension is accompanied by a transient rise in cardiac output (about 36% from control) lasting for 3 of the 5 days of measurement. The transient increase in cardiac output was not the chief cause of the elevated blood pressure because of an associated 50% rise in peripheral resistance.
To determine in another model whether an increase in cardiac output is always necessary for experimental renal hypertension to develop, Ferrario et al. 56 ' 5? used a form of hypertension that develops rapidly and with regularity following severe constriction of both renal arteries. Marked hypertension (mean arterial pressure > 150 mm Hg) developed, and vascular lesions resembling necrotizing arteriolitis occurred in heart, kidneys, and omentum as early as 15 days after operation. Monitoring with electromagnetic flow probes showed that either increases in peripheral resistance or cardiac output paralleled the initial 7-day rises in blood pressure. As hypertension progressed to a more chronic phase (between 10 and 31 days), car-HEMODYNAMIC THEORIES OF HYPERTENSION/Femzrjo and Page 825 diac output was regularly below control values in all dogs. Thus, for hypertension to develop, a rise in cardiac output was not critical. Similar conclusions were reached by Fletcher et al. D who followed the hemodynamic abnormality responsible for the elevated blood pressure of conscious rabbits made hypertensive with Page's method. In their study, as well as ours, the development of hypertension was predominantly due to increased peripheral resistance.
Hemodynamic Characteristics of Salt-Induced Hypertension
To delineate the influence of sodium and fluid expansion in the development of hypertension, Coleman et al. 60 measured the circulatory functions of dogs subjected to a combination of sodium loading and subtotal nephrectomy. A rapid rise in pressure occurred for the duration of the forced fluid administration along with an early increase in cardiac output. Increase in vascular resistance replaced the elevated cardiac output as the principal determinant of elevated blood pressure (see references 40-42 for review). In this respect, the sequence of events documented in salt-induced hypertension is similar to the hemodynamic pattern caused by overhydration in anephric patients. 66 
Hemodynamic Responses of Okamoto-Aoki Rats Developing Spontaneous Hypertension
While prolonged measurements of arterial pressure and cardiac output during evolving hypertension are not yet available, Pfeffer and Frohlich 67 " 69 have shown that in the younger group (9 to 12 weeks), cardiac output was about 22% above that of age-matched normotensive controls. Increased peripheral resistance and normal cardiac output were present in the older hypertensive groups. While at first hand these data could be construed as supportive evidence for a role of cardiac output in the pathogenesis of hypertension, the same investigators observed that during chronic therapy with a beta blocking agent (4 to 5 weeks), the rate at which hypertension developed did not differ between treated and untreated spontaneously hypertensive rats (SHR). 69 Hemodynamic monitoring with the electromagnetic flowmeter at the completion of the drug treatment confirmed that, compared to untreated rats, the cardiac output of the treated SHR group was reduced but the blood pressure remained elevated because of a further compensatory increase in peripheral resistance. The authors concluded that the "hyperdynamic circulation present early in SHR hypertension was not essential for the further elaboration of the elevated arterial pressure later in the disease." We would agree with Folkow (personal communication) that the increased cardiac output in early Okamoto SHR possibly reflects a pattern simulating the defense response and indicating an increased neurogenic drive. The enhanced blood pressure is the important component since this may be the stimulus for vascular structural adaptation rather than the increased output.
Critique of the Mechanisms Proposed as Participating in the Increased Cardiac Output in Some Models of Experimental Hypertension
If increased cardiac output is not essential for hypertension to develop in all of its forms, then what mechanism could account for the slightly elevated output demonstrated in some forms? There are three possible factors that theoretically can account for the augmented flow in experimental hypertension. These are: (1) increased myocardial contractility, (2) hypervolemia, or (3) decreased venous capacitance leading to redistribution of blood volume.
Cardiac Mechanisms
At first glance, an increase in left ventricular performance could suffice to increase cardiac output above normal; the greater cardiac work could be initiated or sustained by augmented sympathetic drive. This mechanism has been favored by Hawthorne et al. 54 who studied the changes in ventricular performance produced by developing one-clip nephrectomy hypertension in awake dogs. Using the first derivative of the left ventricular pressure (dp/dt at a developed pressure of 40 mm Hg) and corresponding changes in ventricular diameter as indices of myocardial contractility, they were able to monitor the change in cardiac function during the first 144 hours after production of hypertension. With the increase in blood pressure, there was a rise in left ventricular dp/dt, and this was accompanied by an increase in end-diastolic dimension and stroke volume. Since the greater afterload (increased peripheral resistance) did not decrease the extent of wall shortening (as reflected by the lack of change in end-systolic size), the authors concluded that there was an increase in the level of contractility. 54 Whereas the authors were careful to exclude the possibility that the changes in the derivative of the left ventricular pressure rise (dp/dt) were not due to the effect of increased resistance to blood flow (afterload), the larger end-diastolic volume of hypertensive dogs probably was associated with an increase in end-diastolic pressure. Thus, these experiments could be interpreted to indicate that the increased venous return associated with onset of renal hypertension prompted the heart to eject more forcefully by resorting to both the Frank-Starling mechanism and increased contractility. As to the cause of the increased contractility, Hawthorne et al. 54 believed that it resulted from greater sympathetic activity, a plausible explanation in view of the increased importance given to the central nervous system as a pathogenetic mechanism for arterial hypertension.
Other investigators have obtained opposite results, namely, a decrease in cardiac pumping ability 826 CIRCULATION RESEARCH VOL. 43, No. 6, DECEMBER 1978 during the evolution of renal hypertension. 58 ' 70 It would be folly to assume that increased cardiac activity is the only mechanism concerned with the increase in cardiac output; we have observed that prior removal of the thoracic sympathetic chain does not prevent the increase in cardiac output that follows onset of Page hypertension in awake dogs even though the sympathetic nerve drive to the heart was abolished. 53 Liard et al. 71 ' 72 carried out experiments that might aid in understanding the importance of neurally mediated cardiac factors in hypertension. They produced a rise in mean arterial pressure lasting 7 days when the left stellate ganglia of conscious dogs were continuously stimulated. The initial rise in mean arterial pressure was accompanied by both tachycardia and increased cardiac output; peripheral resistance fell slightly. Twentyfour hours after the stimulation began, a progressive rise in vascular resistance replaced the increased cardiac output as the hemodynamic cause of the 7-day rise in blood pressure. Blood pressure and vascular resistance fell promptly when the stimulation ceased. The hemodynamic effects of stellate ganglion stimulation were not accompanied by significant changes in the blood volume, plasma renin activity, or the plasma level of circulating catecholamines. When the cardiac output component was abolished by prior administration of propranolol, it did not affect the magnitude of the rise in blood pressure; the pressor response nonetheless developed to about the same magnitude because of a larger rise in peripheral resistance. These experiments illustrate again that there is no need to postulate the existence of a single initiating factor in the genesis of renovascular hypertension. As indicated in the "mosaic theory," 73 the body possesses a vast number of mechanisms to achieve control of tissue perfusion and, hence, homeostasis.
Increased Circulating Blood Volume
An increase in blood volume is given as another mechanism that could be the cause of high output hypertension. Numerous reviews have addressed the question of volume expansion and hypertension, 26 ' 27 ' 37 ' 42 and the suggestion has been made that various kinds of hypertension can be separated by differences in blood volume. 74 A number of studies have indicated that there is a mild increase in circulatory blood volume following application of a clip to a renal artery or partial removal of renal parenchyma. Foremost among these are the studies conducted by Bianchi et al. 6 ' 7 and Liard et al. 55 The first group of authors 6 showed in dogs that blood volume was increased by about 20% 1 to 3 days after onset of one-clip nephrectomy hypertension. The increase in blood volume was associated with about an equal rise in the extracellular fluid volume and cardiac output. Additional evidence was collected by Coleman et al. 60 in salt-loaded hypertensive dogs, wherein an increase in circulating blood volume was a part of the onset of hemodynamic transients of this kind of hypertension. Ferrario 35 confirmed the findings of Bianchi et al. 6 with regard to an early increase in blood volume in renal hypertensive dogs, but he also noted that the transient hypervolemia (about 17% the 1st week after renal artery clipping) did not correlate with the concurrent increase in cardiac output; moreover, the volume expansion disappeared many days before the elevated cardiac output began to fall toward normal values. In animals made hypertensive by Page's method, increases in both arterial pressure and cardiac output were not due to hypervolemia; plasma volume tended to decrease below normal values as hypertension became chronic. 51 Aside from the use of anesthetic agents or surgical trauma, when a normal kidney is challenged with an acute reduction in perfusion pressure, it would be expected to respond with a decrease in glomerular filtration rate and a concomitant rise in renin secretion. These two factors may bring about the retention of sodium and water leading to increased circulating blood volume. Thus, the early hypervolemia detected in some experimental forms of hypertension could be a consequence more of the manner in which the hypertension is initiated than an indication of the originating mechanism responsible for its pathogenesis. In the Page model of hypertension 51 or metyrapone hypertension, 8 the increase in blood volume would not occur because the initiating renal factor is engaged more slowly.
It is possible that the distribution of fluid volume between the vascular system and the interstitial space changes with hypertension, as suggested by Floyer 49 and Lucas and Floyer, 75 ' 76 who believe that the kidneys have an influence on the compliance characteristics of the interstitial gel and its capacity to "store" water. In a series of apparently decisive experiments, they showed 75 ' 76 that the fall in blood pressure produced by removal of a clip around a rat's renal artery was not due to enhanced diuresis; about the same fall in blood pressure occurred when the ureter was implanted into the inferior vena cava, a maneuver that effectively prevented any decrease in circulating blood volume. Because of these and related experiments 49 they proposed that the kidney maintains normal blood pressure by removal of a circulating pressor factor as a process independent of excretion.
If the ratio of plasma to interstitial fluid volume is under the dual control of neural and renal factors, a direct simple relationship between renal excretory capacity and fluid retention does not suffice to explain the mechanism. Luetscher et al. 77 have noted that the magnitude of the increased blood volume usually seen in hypertensive patients can be accommodated by the vascular system without rises in blood pressure. An opposite view has been presented by Guyton. 42 On the other hand, Frohlich 28 has recently called attention to the fact that expanded plasma and extracellular fluid volumes are not a reflection of the hemodynamic disturbance characteristic of patients with borderline, early, or late essential hypertension. In most instances, the increased cardiac output of hypertensive patients is associated with a reduced blood volume. All these data reaffirm our belief that increased blood volume is not an essential link in the mechanism of elevated cardiac output in some forms of hypertension.
Decreased Venous Compliance
Another, to us more attractive, mechanism to explain the increased cardiac output in some forms of hypertension centers on the interaction between angiotensin, sympathetic nerves, and vascular venous tone. Because proportionally larger quantities of blood are contained within the venous system, blood volume is highly dependent on the venous capacity. After transfusion of a large quantity of blood, the mean systemic pressure and the cardiac output rise and then fall rapidly during the few ensuing minutes to normal values. This simple observation can be interpreted to represent an adaptation of the vascular system to hypervolemia. An increase in vascular capacity, principally of the venous system, lowers the elevated central venous pressure and cardiac inflow to that amount which is necessary to restore the arterial and mean systemic pressures to normal. 40 ' 41> 78 This adaptation of an intact circulation to hypervolemia has been interpreted by Guyton 40 " 42 to indicate a "very intense degree of stress relaxation;" more simply, an increase in vascular capacity. Why an increase in vascular capacity does not occur with such gentle urging as a small (20%) increase in circulating blood volume is not yet understood. We have suggested that the explanation resides in an effect that renal and neural factors have on venous compliance and body fluid shifts. 51 ' 79 It may be that if hypervolemia is causally related to increased cardiac output, the augmented volume can be effective only as a cardiac stimulus when it is not compensated for by a proportional increase in venous compliance. Since veins have little intrinsic myogenic activity and respond poorly to both circulating vasoactive agents and metabolites, an increase in venous tone could be caused by increased neurogenic tone.
Are there reasons to believe that experimental hypertension is accompanied by decreased venous compliance? Page hypertension seems to us relevant in regard to venoconstriction. Although in this experiment the blood volume was unchanged, the initial phase of hypertension was shown to be accompanied by early increases in both cardiac output and mean circulatory pressure. 51 The latter variable was used to estimate the degree of vascular filling; that is to say, the steady systemic pressure of the circulation reflecting the net pressure within the vascular system at any given degree of vascular filling. In its crudest form, this pressure can be measured after temporary arrest of cardiac activity as the equilibrium pressure in both the arterial and venous systems. An increase in mean circulatory pressure has been documented by Richardson et al. 50 3 weeks after production of one-clip hypertension in dogs. Since blood volume and cardiac output were not measured, the cause and effect of the increased pressure were not established.
More recently, Overbeck et al. 80 studied the effect of Page hypertension on forelimb hemodynamics by measuring skin and muscle flow and intravascular pressures in anesthetized dogs, 8 and 28 days after one kidney was wrapped in silk. In the early stages of hypertension normal limb blood flow was associated with increased vascular resistance and decreased venous compliance. 80 The change in venous capacity apparently was confined to the larger limb veins (i.e., femoral) and accounted for the venous pressure-volume curves shifting toward the pressure axis. They also concluded that the decreased compliance associated with the early stages of hypertension was due more to a change in wall composition (water-logging) than to the direct effect of either a neural or humoral influence. 81 ' 82 Similar structural changes were later reported by Simon et al. 83 in the mesenteric veins of dogs made hypertensive by Page's method. Click et al. 84 have arrived at a somewhat different conclusion after comparing the effects of norepinephrine on arterioles and venules in the hypertensive hamster cheek pouch. They observed that during the early phase of renal hypertension (15 days) the only detectable alteration of the hamster cheek pouch microcirculation was an increase in arteriolar sensitivity to norepinephrine. Venular sensitivity and arteriolar wall (W) to lumen (L) ratios were unchanged compared to normotensive controls. However, both venular sensitivity and arteriolar W/L ratios were significantly increased when measurements were repeated during the chronic phase (70 days). Although the authors concurred with the older idea that changes in vascular structure are the result rather than the cause of hypertension, they did point out that the increases in venular sensitivity and arteriolar W/L ratios may contribute to the chronic maintenance of hypertension. 84 The literature on hypertension is sprinkled with reports suggesting significant changes in venous distensibility in hypertensive persons. The reduced ratio of plasma volume to interstitial fluid of hypertensive patients was attributed by Ulrych et al. 85 to increased venous resistance. That the fraction of intravascular volume contained in the central circulation (the ratio between the central pulmonary blood volume and the total blood volume) is altered in hypertension again suggests decreased venous compliance. The reduction in venous distensibility, even in the presence of reduced blood volume, could leave cardiac filling pressure either unchanged or increased and thus cause the cardiac output to adjust accordingly. 828 CIRCULATION RESEARCH VOL. 43, No. 6, DECEMBER 1978 The mechanism accounting for decreased venous compliance is uncertain. Ferrario et al. 51> 79 suggested that angiotensin, by augmenting normal sympathetic activity, could induce changes that lead first to venoconstriction and decreased capacitance and later to generalized arteriolar constriction. This has been confirmed by Cowley and DeClue 9 who have shown that the increase in cardiac output due to continuous intravenous infusion of angiotensin in awake dogs may be the result of 
FIGURE 2
Influence of hypertension on the beat-by-beat correlation of aortic compliance (stroke volumeaortic pulse pressure) as a function of cardiac output. Data were taken from a conscious dog provided with an electromagnetic flowmeter and arterial catheter and monitored as it rested quietly and undisturbed during eight (30 minutes each) recording sessions before (normal) and eight after onset of two-clip hypertension. Resting fluctuation in cardiac output (average: 2760 ±178 ml/min) recorded during the 15 days preceding clipping of the renal arteries are directly correlated with aortic compliance (0.42 ± 0.02 ml/mm Hg). Onset of hypertension (first week mean arterial pressure: 148 ± 5 mm Hg) is accompanied by significant decrease in average aortic compliance (0.230 ± 0.02 ml/mm Hg) and disappearance of the correlation between it and cardiac output. Data are calculated from one experiment described in reference 56. Reduced aortic compliance with evolving experimental renal hypertension could be a reflection of a generalized decrease in vascular capacity involving the arterial as well as the venous segments of the circulation. A decrease in vascular distensibility was postulated by Folkow 8i to result from an increase in the wall-to-lumen ratio of vessels exposed to high blood pressure. decreased venous compliance, since in these experiments the mean circulatory pressure was found to increase despite no change in blood volume.
The phenomenon of decreased venous distensibility may be due only in part to increased neurogenic tone. A permanent structural decrease in venous compliance is inferred from Overbeck's data 80 since the steepness of the vein pressure-volume curves was essentially the same both in vivo and in vitro. Overbeck et al. 86 believe that the decrease in venous capacitance in hypertension results from humoral agents having an intrinsic effect on vascular smooth muscle. According to them, this hypertensive factor affects the operation of the Na + -K + smooth muscle pump leading to increased vascular contractility. Under this concept the effect is a general one affecting the arterial as well as venous segments. It is possible that the decrease in vascular compliance extends to both the venous and arterial segments of the circulation. In the two-clip renal hypertensive dog (Ferrario, unpublished observations) the ratio of stroke volume to aortic pulse pressure (dynamic aortic compliance 87 ) fell markedly and progressively with the development of hypertension (Fig. 2 ). This change in aortic compliance may be consistent with those described by Brigg et al. 88 in very young spontaneously hypertensive rats.
The adaptative design occurring in the cardiovascular system and the phenomenon of "waterlogging" suggested by Tobian 81 are considered probable causes of the changes in compliance. Whatever the specific mechanism, the relationships presented here deserve more careful evaluation, since they could provide more rational explanations for the various hemodynamic patterns associated with the pathogenesis of hypertension.
Summary
In any balanced study of the problem of hypertension, humoral, neural, vascular, and hemodynamic factors must all be considered. None of the unitary theories so far have been able to explain fully the mechanisms of experimental renal or essential arterial hypertension. The extent to which these factors contribute to regulation of blood pressure varies. Likewise, hemodynamic patterns probably continuously change merging one into another. Therefore, it should not be surprising that the role of the heart is not uniform.
This discussion did not intend to belittle the importance of hemodynamic factors in hypertension. Studies in many animal models and hypertensive individuals have shown that the hemodynamic component is an integral part of the "mosaic" of factors underlying chronic hypertension. Correlations between cardiac output, blood volume, and peripheral resistance have outlined different subgroups of essential hypertensives. This, in turn, has permitted the application of more effective therapeutic regimes.
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The nub of the problem of cardiac participation in the genesis of essential or renovascular hypertension is whether the transient increases in cardiac output that have been observed are of sufficient magnitude and duration to initiate permanently increased peripheral resistance. It is known that cardiac output is normally highly variable, exhibiting changes greater than those measured during the first few days of experimental hypertension. It is also well documented that increased cardiac output, resulting from electrical stimulation of the splanchnic nerves or stellate ganglion over periods of weeks up to 2 months results in peripheral constriction which disappears soon after the stimulation is stopped. If structural change occurs, as it is said to in such periods of time, then why does blood pressure so quickly revert to normal?
These data, considered in conjunction with the experiments reviewed above, have allowed the generation of multiple theories which, while not denying their potentiality, should still be treated in the old-fashioned way of caveat emptor. Until we know more about the problem, there continues to be danger in lumping all hypertensives into poorly denned groups such as "borderline" or "early" hypertension and "hyperkinetic circulation" and from these arguing that definite stages of the pathogenesis of hypertension are thus defined without further proof.
